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I. INTRODUCTION 
The rapidly expanding branches of study now classed imder 
solid state physics represent a wide field of both theoretical 
and experimental investigation directed principally to the end 
of a better understanding of matter and the interrelations of 
the fundamental particles of which it is made up. In the 
observation of physical properties of solids and the correla­
tion of theories with them many facts and phenomena are yet 
not understood, and the experimental possibilities are virtually 
unlimited. 
Confining our attention to metals alone a number of physi­
cal properties such as electrical and thermal conductivity, 
thermal expansion, specific heat and magnetic properties sug­
gest themselves. The metals of the rare-earth group are of 
particular interest both on account of their peculiar atomic 
configuration and the recency of knowledge relating to some of 
the aost Important facts about them. The metals have been made 
available at lov/a State College in a high degree of purity, 
and their various properties are being explored. Among these 
are many interesting aspects of their magnetic behavior. 
One line of investigation is through alloys - simple 
binary ones to begin with. If a significant property is present 
to a known degree in one constituent, and practically absent 
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in the other ^ the mixing of the two metals in various known 
atomic proportions should yield valuable information. This 
thesis is the report of an exploration in this direction, the 
significant property being magnetism. 
A significant feature of the rare-earth ferromagnetics is 
that the atomic magnetic moment is associated with the rather 
deeply buried incomplete 4f shell. This has an important bear­
ing on the currently much disputed subject of the relation of 
the inter-atomic distance in the crystal lattice to the radius 
of this magnetic subshe11 and its bearing on the interactions 
giving rise to ferromagnetic alignment. In studying the alloys 
of a ferromagnetic, the importance of inter-atomic distance 
would indicate the desirability of using a diluent metal which 
normally has the same crystal structure and as far as possible 
the same lattice parameters and atomic dimensions. In this 
way the effects of changes in inter-atomic distance would be 
minimized, and the magnetic properties should depend basically 
on the configuration of near neighbors, magnetic and non­
magnetic, around any magnetic atom. As was suggested by Dr. 
P. H. Spedding in the course of this research, such a diluent 
metal for gadolinium is found in yttrium. This is made quite 
evident by the recent study of the crystal structures of rare 
earth metals at Iowa State College^ which shows the following 
^See reference with Table 2 under Section IV. 
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close agreeraents for these two metals: 
lattice parameters mol-atoraic vol. 
(angstrom units) (cubic a.u.) 
mean atomic 
radius (a.u.) 
a c 
Yttrium 
Gadolinixim 
3.6474 5-7306 
3.636 5.7826 
19.4 
19.4 
1.85 
1.86 
In the earlier part of this investigation lanthanum was 
used to dilute gadoliniuia. The structure of lanthanum, as Table 
1 in Section III shows, is not the same as that of gadolinium 
and the lattice constants are substantially different. The 
atomic radius is considerably greater. The use of yttrium as 
a diluent seems to have been justified by the results, and it 
is hoped that they may be of some help in guiding the course 
of further study. 
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II. SURVEY OP LITERATURE 
Hardly any researches have been done with alloys of the 
ferromagnetic rare-earth metals, though a great deal of investi­
gation has been made, as might be expected, with various alloys 
of the transition ferromagnetics, iron, cobalt and nickel (1). 
These have resulted in the discovery of widely varying pro­
perties, some of which are of great coiranercial importance. To 
illustrate the contrasts we may mention that when iron is 
diluted with 18 per cent of aluminum, the ferromagnetism at 
room temperature is destroyed (1, p. 221). On the other hand 
very small proportions of iron added to otherwise pure cerium 
give rise to ferromagnetism (1, p. 225). Even with less than 
1 per cent of iron, the Fe-Ce alloy will be ferromagnetic at 
low temperatures. Neither aluminum nor cerium is ferromagnetic 
alone. 
Sadron (2) experimented on the dilution of nickel and 
cobalt with various paramagnetic elements with a view to deter­
mining whether or not the ferromagnetic atoms act on the 
dissolved atoms so as to bring out their characteristic moments. 
He found that up to a limit there was such an effect, and that 
the atomic moments of the diluents could be determined there­
from. Furthermore, diluting metals in the same column of the 
periodic table contributed equally, while metals in a common 
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row of the table contributed oioments which varied in a linear 
ascent and descent v^ith their atomic number, 
Sadron's work was follo\A?ed by that of Fallot on iron alloys 
with platinum (3) and, later, with other elements of the 
platinum family (4-). It was found that in general the diluting 
metal changed the saturation moment and also the Curie point 
of the iron linearly up to a point, though not by amounts 
directly calculable from the per cent of dilution. This point 
represented the limit of the solubility of the diluent without 
a change of phase. 
Efforts towards interpreting these results were undertaken 
by Mott and Neel. Mott (5) explained the results of Sadron on 
the basis of the overlap of the 3d and 4s electronic sub-shells 
in the ferromagnetic atom. He computed that in pure nickel 
0.6 electrons per atom go from the 3d bands to the ^s bands, 
leaving holes in the 3d bands and consequently giving rise to 
the unpaired spins and the magnetic moments. The 4s electrons 
are virtually free, and participate in the sea of electrons 
pervading the metal. 
The effect of dilution was interpreted as depending basic­
ally on the addition (or sometimes an abstraction) of electrons 
from the incomplete 3d shell. 
Among the deductions of Neel (6, 7) were that the number 
of electrons in an atom responsible for the ferromagnetic 
saturation moment of an element is the saiiie as the number 
J 
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responsible for its paramagnetismj, that the interaction energy 
betiwen atoms depends on the distance between the magnetic 
shells, and the picture of a transition element as consisting 
of neutral atoms and ionized atoms, all bathed in an atmosphere 
of electrons. 
G. Foex (8) reports the studies of Wucher (9) on the 
magnetic effects of the absorption of hydrogen in palladium, 
and on the dilution of palladium with a number of different 
diamagnetic elements. The Curie constant of palladium is re­
duced linearly in proportion to the hydrogen absorbed, and 
vanishes at an atomic concentration of 65 per 100 atoms of Pd. 
It is interpreted that 65 atoms of hydrogen are sufficient to 
annul the magnetic moment of 100 atoms of the metal. In the 
dilution experiments it was found that, up to 20 per cent con­
centrations , additions of the diluent metal resulted in 
proportional lowering of the Curie temperature. The results 
showed, however, that the effect depends on the electronic 
concentration, rather than on what the diluent is. 
Another study by Wucher (10) reported in the same article 
relates to nickel-lanthanum alloys. If there is less than 25 
per cent of nickel by atoms, the susceptibility % is the same 
as that for pure lanthanum. It is Interpreted that the presence 
of 75 per cent of lanthanum atoms in the alloy is sufficient 
to result in the filling up of all the holes in the magnetic 
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shells of the nickel atoms. Cobalt-lanthanum alloys show similar 
results. 
The importance of lattice structure and interatomic 
distances in relation to magnetic properties is brought out by 
current interest in the theory of interactions. Further con­
tributions in this field have been made by Heisenberg (11), 
Van Vleck (12, 13) and Slater (14, 15). A 'collective electron 
theory" of ferroraagnetism has had the support of Stoner (l6, 
17) and Wohlfarth (18). Common agreement has by no means been 
reached and even the sign of the exchange integral (1, p. 4^3 
and 26, p. 281), assumed by Heisenberg to be positive when 
ferroraagnetism is favored, has been disputed by Zener and 
Heikes (19). 
It appears that ferroraagnetism is conditional upon two 
requirements being fulfilled; (a) There must be in the core of 
the atomic configuration an incomplete subshell with unbalanced 
electron spins such as to give a relatively large value of J 
the total spin-orbit angular-momentum quantum number. (b) The 
ratio of the atomic radius R to the radius r of this magnetic 
shell must have some favorable value - According to the 
Heisenbei^ theory this ratio must be relatively large in order 
that the exchange integral may be positive. A negative integral 
vrould favor antiferromagne tism. 
A curve attributed to Bethe (20), showing the exchange 
energy as a fuction of the ratio _S— is given by Bozorth (1, 
p. 4i}.4)^ and shox^s that the possibility of ferromagnetisni is 
indicated for Fe, Co, Ni and Gd. 
Proponents of the collective electron theory, howeversay 
that interaction between magnetic shells of adjacent atoms is 
indirect rather than direct. That is, it occurs not by direct 
overlap of the magnetic shells but through other electronic 
shells outside them, acting as intermediaries. On such a basis 
the ratio ^ would call for reinterpretation and the position 
r 
of Gd on Bethe's curve, and even the curve itself, come into 
serious question. 
A well accepted modern concept closely related to atomic 
interactions is that of ferromagnetic domains. Most crystals 
of any ferromagnetic substance will include a number of domains, 
each of which is magnetized with a mciaent in a particular 
direction. Originally conceived by Weiss in 1907> the theory 
has been developed by many workers. Weiss used the concept to 
explain how a ferromagnetic can appear demagnetised in spite 
of the intrinsic spontaneous magnetism, postulated in his theory 
of the molecular field (21). The transition layers between 
domains, now knovm as Bloch walls, were studied by Bloch (22), 
Neel (23) and others, and have been estimated to have a thick­
ness of some 300 lattice constants. High initial permeability 
is interpreted as proceeding by the relatively easy process of 
the grov/th of domains having moments favorably directed with 
reference to the applied field at the expense of other domains 
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in the sail® crystals} whereas the gradual approach to satura­
tion represents the more difficult process of turning atomic 
moments within domains toward the direction of the field. 
Direct evidence for domains has come from the study of powder 
patterns on metal surfaces, obtained from colloidal suspensions 
of ferromagnetic powder. Good reviews of the subject of 
domains are given in an article by Kittel (24) and a recent book 
by Stewart (25). Briefer discussions are found in the more 
general books on magnetism by Bates (26) and Bozorth (1). 
With the exception of cerium the rare earth elements or 
lanthanons have been known only since the middle of the last 
century, and the pure metals have hardly been studied for more 
than three decades. Perhaps no other factor has aroused so 
much interest in these metals than the discovery, beginning 
with gadolinium in 193% {27), that some of them wei^e ferro­
magnetic at low temperatures. Since then the elements 1*b (28) 
Dy (29) and Er (30) have been shown to be ferromagnetic at 
sufficiently low temperatures, and holraiiai has given evidence 
of ferromagnetism near the temperatui^ of liquid hydrogen (31). 
Noteworthy also is the fact that at these low temperatures the 
magnetic moments of Qd, Tb, Dy and Ho considerably exceed that 
of iron. Iterbium, recently found to have a moment of 327 
ei^s/gauss at 20* and 18 k-Oe^, has the highest saturation 
^Unpublished research at Iowa State College. 
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moment known for any polycrystalline material. 
In addition, a number of these rare earth metals have shown 
antiferromagnetic properties. Antiferroinagnetic substances 
always contain interlaced sublattices, the atomic rnagnetic 
moments of one sublattice being antlparallel to the moments of 
another so as to give a net moment of zero in the absence of 
an applied field. Experimentally antiferromagnetism is indi­
cated by an increase in susceptibility with rise of tempera­
ture up to a maximtira, which is sometimes quite sharp, at a 
temperature called the Neel point. Above this temperature the 
susceptibility falls off and more and more closely follows the 
paramagnetic Curie-Weiss law. Dy (29), Ho (3I) and Tm (32) 
have all been shown to be antiferromagnetic in appropriate 
temperature regions. An extensive review of the subject of 
antiferromagnetism has been published by Nagamiya, Yosida and 
Kubo (33). 
Coming to the alloys of the rare earth ferromagnetics, 
mention must be made of the work of Mme. P. Oaume-f4ahn (3^) on 
the alloys of gadolinium with magnesium. The alloys showed 
definite paramagnetic and ferromagnetic Curie points which 
appeared or disappeared as the alloy proportions passed 
through certain experimentally determined range limits. The 
results are interpreted to indicate the existence of the 
metallic compounds Gd 1%, Gd I%3 and perhaps Gd r^gg. These 
combinations correspond with those detected by Vogel (35), 
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Ce Mg, Ce %3 and Ce in his thermal studies, and verified 
later by the testing of their magnetic susceptibilities by Mne. 
Gaume -!4ahn (36). 
Among the factors affecting magnetic properties of any 
sample of metal must be mentioned the important effects of its 
recent history of iBechanical and thermal treatment. Bates 
(26, p. 293) has drawn attention to the importance of domain 
size under conditions of only partial saturation and states 
that until this variable of experimental conditions can be 
regularized the accuracy of measurements in such regions cannot 
be depended upon. The experience of the present research would 
indicate agreement with this conclusion, at least for the 
ferromagnetics at low fields below their Curie temperatures. 
Closely related to domain size and mechanical and thermal 
treatment is the matter of anlsotropy. The magnetic anisotropy 
of rare earth iiietals in the form of single crystals is currently 
under study at Iowa State College, but this is a field beyond 
the scope of the present survey. From the standpoint of 
experimentation with polycrystalline samples, anisotropy in 
such sasnples is a source of difficulty and error - particularly 
if, as in the present research, magnetization is determined by 
weighing, rtoe. Gaume-Mahn has indicated the need of prolonged 
annealing if good magnetic results are to be obtained (34, 
p. 571, 572), and the experiences of the present study v/ould 
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indicate that the technique for preparing isotropic poly-
crystalline samples might well be explored. 
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III. BASIC CONCEPTS AND EQUATIOKS 
It is not the purpose of this investigation to go further 
into the theory of magnetism. Though a great many phenomena 
have been explained, much more collection and correlation of 
facts as well as theoretical study must be done before the 
complexities and often conflicting conclusions in this field 
are satisfactorily resolved. Here we shall deal only with the 
general phenomena and equations which bear upon this investi­
gation and its results. 
Since the wide range of temperatures covered in this study 
go from room temperature and above down to 4.2° K, the types of 
magnetic behavior range from the simple parajnagnetic ^ at 
higher temperatures for all the alloys examined, to a near 
approach to ferromagnetic saturation for some of them. 
True paramagnetic behavior is characterinsed by strict pro­
portionality between cr , the magnetic moment per unit mass, and 
the effective field H. Thus, for paramagnetics the suscepti­
bility per unit mass \ is defined as the ratio , and is a 
H 
function of the temperature T. It is found to obey closely 
either the Curie law % = - or the Curie-Weiss lav; % = ff,... 
^ ^ T -
where is a characteristic temperature for the substance, 
called variously the Curie temperature, the paramagnetic Curie 
temperature or the paramagnetic Curie point. In order to avoid 
Ik  
confusion with the ferromagnetic Curie point ^ ^ wherever it 
is necessary to distinguish between them, we shall use the word 
"paramagnetic" when referring to this temperature and employ 
the subscript p. 
flie Curie law for paramagnetism has theoretical support in 
the classical theory of Langevin (26, p. 14), which assumes 
that each molecule or atom has a permanent magnetic moment /ip^f 
and regards the degree of magnetization in a mass of material 
due to a given field H as a statistical average-alignment 
effect described by a ratio 
•' — » coth a • (l) 
a 
Where a - « k being Boltzmann's constant. Here A is the 
kT ^ 
mean magnetic moment per atom in the direction of H, and I and 
Iq are i^spectively actual and saturation magnetic moments per 
unit volume. As each atom is assumed to act independently of 
others, Langevin*s theory is called the theory of a "para­
magnetic gas". For sufficiently high temperatures T, a is 
small and coth a - so that I « ^ showing the 
a i lo 3 kT 
required proportionality to H/T. 13ience we may readily obtain 
the susceptibility per gram-atom 
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Solving for and computing its value in Bohr magnetons, 
we obtain the following practical formula (1, p. 463) for the 
effective intrinsic magnetic moment of an atom of the material; 
= 2-83 yV '3) 
Where we have seen, constant for a para­
magnetic obeying the Curie law. 
The theoretical value of is derivable from the quantura 
theory. The volume susceptibility of an element is given by 
Seitz (37, p. 581); 
''vol 
No J (J + 1) 
V 3 kT 
i-^here Nq Is Avogadro's number, p is the c.g.s value of the Bohr 
magneton = -v—-— = 9'27 x 10"^^ ergs per gauss, and g is the 
4innc 
Lande factor representing the ratio of the magnetic moment of 
an atom in Bohr magnetons to its angular momentaTi in units of 
— . J is the total spin orbit angular momentuin quantum 
2T?' 
number which is always integral or half-integral. 
Equation (4) is equivalent to writing Xa = 
2 2 \ 
No r- g J (J + 1 which, compared with equation (2) gives us 
3 kT 
/^eff = " S fTTi+l) . (5) 
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The practical formula (3) applies as well to paramagnetics 
which follow the Curie-Weiss la\v, where we simply substitute 
T 'Sp for T.^ 
Following Bozorth (1, p. 429)j we write the magnetic 
CH 
moment per unit volume for a Curie-Weiss paramagnetic: I = y 
This equation relates paramagnetic to ferromagnetic behavior 
when we substitute ^ = NC, where N is a constant. On re-
C (H 4" NI ^ 
arranging we obtain: I = ^ . Here NI is the 
JL 
"molecular field" assmied by Weiss (21) to come into play in 
order to explain the very large permeabitities actually ob­
served in ferromagnetics such as iron. 
The modifications brought in by the quantum theory give 
us Instead of equation (1) the relation: — = tanh a = 
tanh — , and on substituting H + NI for H we have 
kT 
^ = tanh II ^  (6) 
lo kT 
which allows the presence of a moment I even when H = 0: 
Ma NI , , 
=•• tanh . (7) 
lo kT 
^Graphically, as in this study, the experimental value of 
C (per gm.) is given by the reciprocal of the slope of the 
straight line obtained by plotting ^ against T. C^ of 
equation (3) is then computed. The intercept of the straight 
line with the temperature axis gives . 
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Near the Curie point ^, where with H = 0 the remnant magnetic 
moment I —>0, this ratio approaches . Solving for 
^ and combining with equation (7) we have 
—5— = tanh — • (8) 
Id T//9 
This equation presiAmably describes the theoretical behavior 
of any ferromagnetic between saturation at T = 0 and the Curie 
point T = S , where —J itself approaches aero. Here we 
have not distinguished between the paramagnetic and the ferro­
magnetic Curie points, the implication being that they are the 
same, the latter being the temperature at which the possibility 
of remnant raagnetism vanishes. In this equation H has been 
neglected since \^rlth ferromagnetics it is very small compared 
with NI. 
Equation (6) is really the case for a solid in which each 
atom has an intrinsic moment due to a single electron spin for 
which J = 1/2 and g = 2. More generally the degree of magneti­
sation is given by the Brillouin function (1, p. 431); 
—i— = 2 J + 1 cQ-th ^ ^  a - —L- coth—= B-r(a) 
lo 2 J 2 J 2 J 2 J 
where a = Jgp (-5-^^15—) . 
From the assumption of the molecular field of Weiss and 
the modifications arising from the quantum theory, we have the 
following relation (37, p. 609) for the atomic moment at high 
fields: 
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= p g J Bj (9) 
where H = H + NX is the local field and Bj is the Brillouin 
function. At infinite fields this function approaches unity, 
so that we obtain for the ferromagnetic moment per atom 
» gj (10) 
Bohr magnetons. 
Taking J = 3-1/2 for gadolinium and assuming g =2, we raay 
evaluate equations (5) and (10); 
= g l/ J (J + 1) = 7.94 p for the independent 
^ * atom. (11) 
m. = &J = 7.00 p for the atom approach­
ing saturation 
alignment. 
Mention should be raade here of the Bloch relation for the 
approach to saturation (26, p. 286): 
^  = 1 - 0  T ® A  ( 1 2 )  
I'^hevQ C is a constant. This law has been employed graphi­
cally in this study for the determination of saturation laoments 
at absolute zero. 
Though most ferromagnetic metals give evidence of moments 
in the neighborhood of those computed as due to spin only, the 
agreement is not uniformly good. Also the two Curie points 
usually differ. Often they are widely separated. This is 
19 
particularly to be expected when an antiferromagnetlc state 
occ\irs in the temperature range between the ferromagnetic an<i 
params^netic regions. 
20 
lY. MATERIALS STUDIED 
The alloys examined In this study were prepared In the Ames 
Laboratoiy of the Atomic Energy Commission, by fusing together 
carefully weighed amounts of the constituents in a tantalum 
crucible. ®ie heating was done in an atmosphere of pure argon 
in an induction furnace. 
The alloys were tested spectrographlcally and chemically 
for impurities, and also examined with X-rays to ascertain their 
crystal structure, ^^e results are shown in Table 1.^ 
The X-ray examination of the alloys showed the results 
presented in Table 2. ®ie values for the pure metals (38) are 
shown for comparison. 
Samples were prepared in two sizes, each 1 cm. long. The 
small samples for use in ferromagnetic ranges were rods of 1 
mm. square cross-section. The large "paramagnetic" samples 
were cylinders of diameter 5 mm. After properly shaping them 
for use they were weighed, protected by a coatjUig of G.E. 
adhesive number 7031 and stored In an evacuated desiccator. 
^Complete spectrographlc standards for evaluating the 
impurities for these alloys were not available but information 
from the spectrographlc department Indicates that all the 
designations J moderate, trace and faint trace as applied to 
the specific metals concerned, i^present amounts not over 
100 p.p.m. 
Table 1. Purity of samples 
Amounts of impurities 
Composition Chera. anal. 
Alloy (peaxtentages) Spectrographic estimates (p.p.m.) 
A Gd-La ^6.6:53.^ Nil Nil 
B " 75 s25 Nil c. 371 N, 198 
C " 83.3:16.7 y, (strongj^j Cu, (mod.); Fe, Si, 
Sn, (trace); Cr, (faint trace) 
c. 198 N, 256 
D 90 :10 Cu, (trace); Al, Ca, Fe, f%. Si, 
y, yb, (fairAtrace) 
c. 174 N, 258 
E Gd-y 25 :75 Al, Cu, Fe, Si, Sn, Ta, (trace); 
Cr, (faint trace) 
c. N, 353 
F 50 :50 yb, (faint trace) c. 313 N, 230 
G " 60 ; 40 Al, Si, (trace); Be, Mg, Mn, Ni, 
(faint trace); Fe, (mod.) 
c. 131 N, 201 
H 66.7:33.3 Fe, (mod.); Al, Cu, Si, Sn, 
(trace); Cr, (faint trace) 
C, 61 N, 450 
I " 75 !25 Ca, Fe, Cu, (trace) c. 172 N, 237 
J " 83.3:16.7 Ca, (trace) c. 192 N, 261 
K " 90 :10 Ca, (trace) c. 334 N, 205 
^In view of the high sensitivity of the spectrographic test for yttrium, a 
special check was made on alloy C for this element by means of X-ray fluorescence. 
It indicated that, in spite of the designation "strong", the yttrium content was 
probably only a small fraction of one per cent. 
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Table 2. Alloy crystal structures 
Lattice paraaieters 
Alloy Structure Layering a c 
A h.c.p. (double axis) abacab 3.71 11.96 
B and C h.c.p. (multiple unknown 3.66 n(5.86) 
axis) 
D h.c.p. ababa 3.65 5-81 
E to K h.c.p. ababa 3-64 5.76 
Pure Y h.c.p. ababa 3.6474 5.7306 
Pure La h.c.p. (double axis) abacab 3.770 12.159 
Pure Gd h.c.p. ababa 3-636 5«7826 
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V. APPARATUS AMD MEASUREfffiNTS 
A. General Method. 
When a small rod of magnetic material is placed with its 
length parallel to a magnetic field, the resulting degree of 
magnetization is described by the magnetic moment M: 
M - m . 
Where ra is the mass of the sample, (TL _ is the magnetic 
n,i 
moment per unit mass and is a function of the field H and the 
temperature T as indicated. If the field, whose direction we 
shall call x, has a gradient normal to itself in the direction 
2, then a force will act on the sample; 
F = tn Cr 
z a z 
whence 
{T « Fz 
H,T a H ' 
d z 
Thus, if m is known and —|-fi_ and F are found, the specific 
d z 
magnetization (T can be determined for any values of T and H 
which can be controlled and measured. 
2k 
B. Electromagnet and Current Control 
electromagnet employed was designed by Elliot and 
constructed in this laboratory. The yoke is of rectangular 
cross-section roughly 6-1/2 inches x 14 inches and the soft-
iron pole-cores are nearly a foot in diameter. Different pairs 
of pole-pieces can be used. For this study the necessary field 
gradient was provided by pole tips of the Sucksmith type (39). 
Originally designed by Elliot, these were more recently re-
ground to improve the symmetry and also to obtain the hyper­
bolic shape which was called for by the practical requirement 
of a uniform gradient of adequate extent. The sloping portions 
on the pole faces were made two inches in vertical width, the 
gap varying from 1.59 inches to 1.89 inches. 
The electromagnet is excited by currents from a 25 kw. 
D.C. generator operating at 115 volts. The field colls sur-
roimding the pole pieces are cooled by a circulation of oil 
which in turn is water-cooled through a heat exchanger. With 
three coils on each side, all in parallel, the total current 
drawn can be adjusted to values going up to 135 amps., and 
fields as high as I8k-0e are readily obtained. The exciting 
field for the large generator is provided by current from a 
small generator whose field current in turn is controlled by a 
current stabilizing unit built in the electronics shop of this 
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laboratory. The electronic unit is designed to keep constant, 
by its automatic adjustments, any required potential difference 
over a low-resistance phospor-bronze strip connected in series 
with the field coils of the experimental electromagnet. The 
current giving rise to this potential drop is determined by the 
manually operated "setting" of the stabilizing unit. 
C. Dewars and Temperature Control 
Most of the observations were made with the cryogenic 
system shown schematically in Figure 1. The sample is seen 
suspended at S. Details of the interpolar region are shown in 
Figure 3. Liquid nitrogen or hydrogen could be introduced to 
the flask of the spherically shaped dewar by a transfer tube 
leading through the space between the can proper and its ex­
tending fins. 
With a steady current through the submerged boiler coil 
B.C. at the bottom of the flask, a nearly constant boiling rate 
could be maintained for any isotherm run of observations, and 
by adjustment of the current through the heater H the tempera­
ture of the gas flowing past the can could be controlled. The 
auxiliary heater A.H., a 2-watt carbon resistor incorporated 
into the construction of the bottom of the can itself as shown 
in Figure 3> provided an additional adjustment. By these 
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means the temperature of the can# and. hence (when stabilized) 
that of the sample, could be set and maintained closely at any 
predetermined value. 
The temperature was measured by a calibrated copper-
constantan thermocouple attached to the can near the auxiliary 
heater, the thermo-emf being read by a potentiometer. In 
practice liquid hydrogen was used for temperatures from 30** K 
to about 150° K, and liquid nitrogen for temperatures from about 
110° to 330® or more. 
Even by boiling liquid hydrogen in the spherical dewar it 
was difficult to obtain isotherai runs for temperatures below 
35® K. However, isotherms at two lower temperatures, 20.4® and 
4.2° could be obtained by the use of another dewar, specially 
designed for measurements with the samples immersed respectively 
in liquid hydrogen or helium. As there was no arrangement for 
boiling under reduced pressure, the observations with the 
liquid bath dewar were limited to the above mentioned normal 
boiling points. 
A difficulty realized early in the investigation was the 
danger of the entrance of air into the dewar in use, when 
operating with hydrogen or heliiim. Being of greater density, 
air could easily pour down through any significant openings 
unless special means were used to prevent it. Once inside, 
the air would be cooled to the low temperature, condense and 
freeze - thus encouraging further entrance of air and making 
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weighings, even if possible, erroneous because of the weight 
and magnetic properties of condensed oxygen. 
Openings for the escape of hydrogen and for the entrance 
of the quartz suspension rod were of course necessary. The 
following precautionary devices were fomid effective: 
1. A barrier B was inserted below the dewar holder, re­
ducing the contiguous gas space above the liquid to a practical 
minimm. 
2. The vent V was not open to the outside air directly. 
A large-bore tube led from it up and away and then some four 
feet downwards - thus inhibiting any counterflow of air. 
3. The effective opening at the effliix tube accommodat­
ing the suspension rod was reduced to a circular gap of 1/16 
inch, and the tube itself was fitted with a removable efflux 
cap as shown, to the end of keeping the exit surrounded with 
hydrogen or helium, whichever was being used. 
k. A 1/2-inch bore exit was provided below the upper 
efflux tube, this leading to a light plastic bag and a low-
pressure check valve. As indicated, the result of any positive 
pressure of gas in the central tube T would be first to fill the 
bag, and then easy escape. On the other hand, if a negative 
pressure should momentarily occur inside, the gas would be 
drawn in from the bag. The check valve would inhibit any re­
turn from the atmosphere. 
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5. Finally the precaution was tsicen, before the use of 
either liquid hydrogen or helium, of using the same substance 
in gaseous form to flush out not only the dewar itself but also 
the space so'oiind the central tube T through the ports X and Y, 
which were thereupon closed. 
Just how much benefit resulted from each of these devices 
is not known. However, experience has shown that, by carrying 
out these precautions, the previously experienced, annoying 
problem of keeping air out of the system has been quite satis­
factorily solved. 
D, Weighing, Suspension and Centering 
The magnetic forces in this study were detemlned by direct 
weighing. For this purpose a Voland "speedlgram" analytical 
balance, reading to 0.1 but calling for no manual placing 
of weights, allowed weighings to be made rapidly. The left 
hand pan was replaced by an adjustable suspension link which 
in tum supported the quartz suspension rod R. The lower end 
of R is shown in Figure 3 which is drawn to approximately 
actual size. 
Two sample holders were used. Here the one for the larger 
or "paramagnetic" samples is shown. The holders were of 
annealed copper. They were cemented to quartz hooks QH, ^ d 
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differed only as required by the two sises of samples. The 
distance from the hook bend to the sample center for each of 
thera was made precisely 6 eras. 
In order to maintain experimental conditions, a "standard" 
mid-sample position was decided upon, and periodically the 
suspension of samples was checked against the readings of a 
specially made height gauge with the help of a telescope. 
A good deal of time was spent on the problem of centering 
the sample in the field so that it could be weighed with reason­
able accuracy in spite of its tendency to go to one or the other 
pole of the field. It was in fact because of these difficulties 
that the field itself was studied and the poles reground to a 
more satisfactory shape. The method of exploring the field 
ims to observe the behavior of an iron sample suspended in it. 
The position of maximum vertical force, and also the turn­
ing point of unstable equilibrium for horizontal motion 
parallel to the field, were determined before the final adjust­
ments of the pole-piece positions were made. It was found that 
above a certain position in the field, going upward along z 
towards weaker H, the freely suspended sample would center it­
self. However in this region the weighing was unstable, Beloi^ 
this level weighing was stable, but the centering was <|uite 
unstable. Theory indicated indeed that one could not expect 
both centering and weighing stability from the field itself. 
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The experimenter is thus faced with a dilemma. If weights 
are made in the self-centering region, then son® artifical 
weighing stability must he employed. If weights are taken in 
a tmiform force field, then artificial centering must be intro­
duced, Certainly, one could brir^ in artificial weighing 
stability by adding stabilizing weights to the pointer of the 
balance beam above. However this weight would need to vary 
widely and, inasmuch as any error in the z position or height 
of the sample would bring consequent uncertainties into the 
measui^ment of weight, it was decided to weigh in the lower 
region where the gradient —^JL. was a nearly flat maximum, 
9 2 
using artificial means to center the sample. This was accom­
plished by two methods, each of which had its merits. 
The first centering method employed chains as shown in 
Figure 2. Pour gold chains, each having 17 links in a length 
of 15.4 mm., kept the sample holder approximately in the center 
of the cylindrical case surrounding it. One end of each chain 
was attached to a hook on the inside of the cylindrical case, 
and the other to a similar hook at the same level on the holder 
unit. Though lateral motion was limited to about a Run., there 
was free vertical movement of at least 3 mm. When adjustments 
were right the weighings were sensitive, and many good observa­
tions were made with this arrangement. 
Later, two considerations called for a different centering 
system. First, there were unexplained shifts in the dead 
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weights or "zeros" in the course of a run or a series of runs. 
Not always in the same direction and usually more pronounced 
shortly after filling a dewar, it appeared that imcompensated 
thermal contractions and expansions must be changing the rela­
tive holder-vs-tube height positions, thus changing the 
effective chain weight supported by the suspending rod. Second, 
the decision to use larger samples for the paramagnetic tempera­
ture regions, where the forces acting on the smaller samples 
would be quite feeble, called for at least two interchangeable 
holders. These were constructed and incorporated in the center­
ing and temperature-control system illustrated in Figure 3« 
The sample in its holder was centered, with very little 
lateral play, by means of the slot-hole in the centering post 
C into which the sample-clamping screw-pin P was inserted. The 
weight uncertainties due to friction, arising from lateral 
forces in strong magnetic fields, were greatly reduced by the 
oscillating motion of the wiggler W, the motion of which nudged 
the pin on at least one side. As the diagram shows the motion 
was limited by the stops on the post. The wiggler was actu­
ated by the lever L, which was operated by a series of quartz 
connecting rods, leading down from an oscillating crankshaft 
mounted just below the balance. The lowest of these connecting 
rods CR was cen®nted into the brass piece ending in a small rack 
r which engaged the lever. 
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Driven through a system of gears and links by a small 
motor, the raid-poiint, amplitude, and frequency of the crank­
shaft oscillations were all made adjustable. In practice a 
frequency of about 2 per second was found most satisfactory. 
It cannot be said that weighings with v^iggler centering 
were any more sensitive than v/ith the chains. However they were 
at least nearly as good, and generally quite good enough for the 
experimental requirements. Usually it was not found necessary 
to use the wiggler until the incj^ease AW in the weight 
exceeded some 2 to 4 gras. 
Though it could be reasonably assumed that differential 
expansions were no longer giving rise to weighing errors, the 
fact that some drift of zero weights persisted showed that there 
were other factors giving rise to them. It has been thought 
that variations in the mass of adsorbed moisture condensed on 
the upper, exposed parts of the suspension system might be 
responsible. 
Tvra further Important advantages ensued, however, from the 
new centering system: 
1. With the chain system it had been found necessary to 
apply a "correspondence correction" to observed temperatures, 
since it had been observed that a sample in the center of the 
gas stream was cooled to a slightly lower temperature than the 
neighboring thermo-couple Junction. On the other hand the 
newer can almost completely enclosed the holder and sample. 
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and there was little gas flow within it. "Correspondence 
corrections" could be Ignored, for, with two discontinuities 
in the suspension at the quartz link QL, heat conduction should 
be megligible and there should be no reason for the sample 
temperature to be different from that of the can after it had 
been stabilized. It was necessaiy of course to stabilise 
temperatures carefully. Any serious temperature drift could 
be easily noticed by drifts in observed weights. 
, 2. With no chains attached to the holders, it was found 
feasible to withdraw the suspension rod up through the balance, 
and thereby change samples and holders without the removal of 
the dewar. This feature resulted in a considerable saving of 
time - particularly with liquid-bath observations. It became 
the regular policy to examine not one but several smnples in 
succession when a liquid bath was used. 
E. Calibrations and Corrections 
The wires constituting the thermocouple used in this study 
were No. 30 constantan and No. 38 copper. With such thin wires 
it seemed reasonable to assume that the copper can, surrounding 
the sample and we11-finned to encourage thermal contact with 
the flowing gas around it, would not be appreciably affected 
by heat conduction from warmer regions via the wires. 
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The thermocouple was calibrated against readings obtained 
from a standard platinum-resistance thermometer. 
It was fo\ind that at low temperatures there was a slight 
shift of the potentiometer null-point on the imposition of a 
strong magnetic field. This effect brings in a temperature 
uncertainty of perhaps 0.3® K. Inasmuch as the magnitude of 
the shift seemed to depend not only on the field but also on 
thermal gradients in the wires which were not constant or 
easily controlled^ it has seemed best to recognize the uncer­
tainty rather than attempt to correct for the error. The much 
greater uncertainties arising from other sources, particularly 
with som alloys, only emphasizes this conclusion. 
At times the thermocouple reading was checked against the 
known boiling points when the can was cooled to the temperature 
of liquid nitrogen or liquid hydrogen, and found to agree within 
a tenth of a degree. In order to know the values of the field 
H and its gradient in the region of the sample, calibration 
curves were required for each of these quantities plotted as 
functions of V^, the potential drop over the .01 ohm phosphor-
bronze strip in series with the magnet coils. The I.R. drop 
was measured by means of a potentiometer. 
The field H was measured by a Rawson fluxmeter, which de­
pends on a galvanon^ter deflection proportional to the e.ra.f. 
generated in a small coil rotating in the field and driven by 
a synchronous motor. Though having the advemtage of direct 
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reading, this n^asurement was imfortimately the most uncertain, 
and might easily be in error by 2 per cent. The calibration 
for the field gradient dH/dZ was obtained by using, in the 
standard experimental position, a small sample of pure iron 
whose saturation moment was known and taken as 217.9 c.g.s. 
units. This saturation moment is almost constant at room 
temperature for fields above 4 k-Oe. Below 2 k-Oe the results 
must be taken with some reservation so far as accuracy goes. 
However, as the graphs will show, observations taken in fields 
even as low as 500 Oe ai^ still quite valuable inasmuch as 
magnetic behavior at low fields is brought to light. This was 
found particularly true in the case of the antiferromagnetism 
of alloy Q. 
Two corrections were applied to observations in the 
processing of the data as a matter of routine. The first of 
these was the 'rod correction" applied to the observed weight, 
in order to allow for the upwaiKi magnetic force on the rod and 
holder when used without any sample. As these forces were 
never greater than 15 mg. it was difficult to obtain any 
accurate data at low temperatures where the not-perfectly-
steady flow of gas up the central tube made weighings inevit­
ably uncertain by some tenths of milligrams. However, a set 
of weighings at room temperature without any gas flow was quite 
satisfactoiy, and agreed well with the assumption that the 
force depended on the field H according to the formula 
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AP « AH^ - BH. B was assumed to be constant, representing the 
presence of a minute amount of ferromagnetic impurity. 
representing the combined effect of the diamagnetism of the rod 
and paramagnetism in the holder, was assmed to be nearly con­
stant but son^what reduced at low temperatures. 
After the values of A and B had been determined by fitting 
a parabola to the room temperature data, estimations of the 
values of A at lower temperatures were made from the more 
scattered data taken with the cooling gas streams. An esti­
mated curve was drawn for A as a function of T, and the rod 
corrections thereupon calculated and graphs plotted to cover 
all the experimental conditions. Slightly less at low tempera­
tures, they appeared to be practically temperature-independent 
above I50® K. Up to 4 k-Oe the rod correction was virtually 
negligible, and no significant difference was found between the 
two holders used. 
The second correction was that applied to the field in 
order to allow for the demagnetizing effect of the magnetised 
sample Itself. The correction is Indicated by the relation: 
H = H» - NI or AH = - NI 
where AH is the demagnetization correction, a quantity to be 
subtracted from the applied field H» in order to get the 
effective field H acting on the material. M is the demagnetiz­
ing factor and I = P ~ is the magnetic moment per unit volume. 
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The value of N Is calculable for spheroids. For cylinders 
recourse is had to experimental data which show that for 
corresponding aspect ratios (length;diameter) the coefficient 
N is somewhat less than for spheroids. For the purposes of 
this investisatlon use has been made of the values given by 
Bozorth (1, p. 849), As the values listed were for generally 
quite long rods, it v/as necessary to extrapolate the data, 
with the guidance of the equations and curves given in the ori­
ginal article by Bozorth and Chapin (4o) and the known value of 
N/^-ir = 1 for aspect ratio = 0, It is to be noted that N/^tt 
as treated by these authors is called the "ballistic demagneti­
zation factor" used to correct experimentally observed values 
of the permeability • Xt depends on ^  . It is to be 
distinguished from the "magnetometrie" demagnetization factor 
N, by which in the present case the moment I is multiplied, in 
order to correct the Impressed field H«. It appears that 
dependence of this correction upon ju. is achieved through the 
presence of the factor I itself, representing the moment. 
In the present study therefore the demagnetizing factor N 
has been assumed to depend on aspect ratio only as follows: 
Aspect ratio N 
Small samples: 10 0.205 
Large samples: 2 1.7^ 
^It is to be remembered that the larger value of N, 1.7, 
was applied only to the paramagnetic, or small, moments. None 
of the corrections N/><r exceeded 0.4 k-Oe. 
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VI. RESULTS 
A. Processing of Data 
In effect, the values of (T measured in this study are 
compared with that of saturated iron at room temperature. The 
treatment of the data will be seen best by the following suraoiary 
of operations by coluam headings for a typical run with gas 
flow for a sample of mass ms 
(1) Temperature for the isotherm, and corresponding 
potentiometer setting for the thermo-e.ra.f. 
Weight, observed by balance. 
after subtracting the zero weight which was taken 
both before and after the isotherm run. 
Rod correction, obtained from graphs after H' (No. 9 
below) was recorded. 
Fg, the corrected force in grams, given by (3) + (4). 
VjL, the current P.D., proportional to the magnet cur­
rent, measured in millivolts on a second potentiometer. 
P, the field gradient, from by cali-
(2 
(3 
(5 
(6 
(7 
( 8  
(9 
dH 
dz 
bration curve. ^ 
<r , computed as _ZHZ_££_ . 
P 
H', the applied field, from by calibration curve 
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(10) Demagnetization correction computed as N 
(11) H, the corrected field, given by (9) - (10). 
In the case of liquid bath runs, the temperature column 
(1) was of course omitted, but it was necessary to add more 
columns in order to show the change of the zero weight as a 
function of tin®. This was obtained graphically by assuming 
that the zero increased uniformly as the run progressed. It 
is to be noted that, though the major reason for this increase 
was reduction of buoyancy due to the boiling away of the liquid, 
there were also other causes operating and that calculations 
of zero-weight changes from observations of the liquid level 
could not be depended upon. This will be mentioned further 
under errors. 
For paramagnetic runs, made for the temperature remges 
where the isotherms become straight lines, was calculated 
from the data of each isotherm as a weighted mean. This was 
done by dividing the total of the measures of H by the 
corresponding total for (f . As will be seen for each alloy, 
the projection to the axis of the straight portion of the plot 
of 1 vs. T gives the paramagnetic Curie temperature . 
% 
The slope of this line enables us to compute the experi­
mental value of the effective magnetic moment in Bohr magnetons 
from equation (3), Section III, which may be written 
A^Qff "2.83 ^  AC , A being the atomic weight. The constant 
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C, which is the Curie constant for a gram of the material, is 
the reciprocal of the slope above mentioned. 
Here of course we must allovj for the fact that the sample 
is an alloy, and it would seem best to compute the result for 
the gadoliniijun in the sample. It is easily shoxm that the 
constant to be used in the formula on this basis is given by 
Aj 
Mq 
the other metal in the alloy, which is supposed magnetically 
/ V %d ® ^ —)> where R is the ratio by atoms of Gd to 
inert, and AQ and are their respective atomic weights. Thus 
from paramagnetic data we obtain the effective atomic moment 
of ad: •= 2.83 Y C (Aq + Ai/R). 
In order to obtain the ferromagnetic Curie points for those 
alloys which showed ferromagnetism, the values of <r ® were 
plotted against T for several fields, usually low fields equally 
spaced. The straight portions of the curves were produced to 
give intercepts To on the T axis, and with these points as 
abscissas, the values of Ho were plotted as ordinates. By 
extending the resulting line of Hq V£. Tq to the axis, the 
limiting temperature for spontaneous magnetism at zero field 
was obtained. 
The saturation moment ^or each alloy was obtained 
by (1) plotting the values of (T against - | for various low 
temperatures and projecting the lines so as to obtain inter­
cepts ^ ^  on the axis; (2) plotting the values of T®/^ for 
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these values of projecting the nearly straight lines 
thus obtained to the <r axis to give <^oO.O ' Generally the 
plots of gave straighter lines than plots against T or 
T®. 
In order to compute the experimental value of the ferro­
magnetic moiuent per Od atom, we multiply as obtained 
for the alloy by (1 + •• > thus obtaining 
RAq NQP 
"A = *^87 • 
values of (y obtained for the eleven alloys studied 
are shown plotted in the isotherm graphs (even nmbered Figures 
4 to 24) which are, for the most part, reductions from larger 
plots. From the isotherms have been obtained points for the 
"isofield" graphs (odd numbered Figures 5 to 25) showing the 
variations of with the temperature T for various constant 
values of H, these secondary curves generally being more use­
ful in revealing the magnetic behavior of the material. For 
convenient reference the alloys have been designated by capi­
tal letters in order of increasing atomic content of gadolinium 
within their two natural groups as given in Section IV. 
B. Gadolinium-Lanthanum Alloys 
It is seen that alloy A is paramagnetic with the indica­
tion of a possible antiferroraagnetic transition at some 
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temperature below 20® K, and that D is ferromagnetic below 
258® K with a saturation moment of 23^ ergs per gauss per gm. 
B and C show auntlferromagnetic maxima at about 135 and 155 
respectively. However, these maxima are not sharp and there 
appears to be considerable temperature range between them and 
the regions where the Curie-Weiss law is even roughly obeyed 
for paramagnetism. ®ie curves are distinctly different from 
those of the Gd-Y alloys E, F and G with their much clearer 
Neel points (Figures I3, 15> 17). These results apparently 
correspond to the fact that while alloy A was found to have the 
Lanthanum structure and D the gadolinium structure, B and C 
both had hexagonal arrangements which were neither, and which 
could not be clearly defined. 
C. Gadolinium-Yttrim Alloys 
The changes in the magnetic behavior and properties of 
these alloys appear to be more continuous with increase of 
gadolinium content than in the case of the alloys with 
lanthanum. It is seen that the first three of them, E, P and 
G, show antiferromagnetic peaks. The peak of E continues 
prominent to the highest fields, and the temperature at which 
it occurs is affected very little by the field. The peaks of 
F and G occur at progressively lower temperatures as the field 
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is increased, and tend to be overpowered by the trend towards 
ferromagnetism at higher fields. This is particularly true 
for alloy Q, which becomes ferromagnetic at low temperatures. 
Its antiferromagnetism is completely masked by a field of 
6 k-Oe. 
Alloys H to K all become ferromagnetic at low temperatures 
and their Curie points and saturation moments show a regular 
advance with increasing gadolinium content. 
D. Comparison of Alloy Properties and Relation 
to Theoretical Values 
For convenient comparison the (T T curves for all the 
alloys when subjected to a field of 12 k-Oe are shown drawn to 
the same scale in Figures 26 and 27, relating respectively to 
the Gd-Iia and Gd-Y alloys, lii Figure 2? are also shown dotted 
curves for alloys F and Q which bring out their antiferromagnetic 
behavior at lower fields. 
The significant temperatures and magnetic moments for the 
various alloys are listed in Tables 3 and 4. 
The valties of the paramagnetic and ferromagnetic Curie 
points and and the Neel points N.P. are plotted 
against per cent of Gd, in Figure 28 for the Gd-Ia alloys, 
and in Figure 29 for the Gd-Y alloys. 
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Table 3, Antlferromagnetlc and paramagnetic results 
Per cent /a ,j 
of Gd Neel point 1000 C ^ eff 
Alloy (atoms) (® K) (®K) (deg./c.g.s.) (p units) 
Diluent La: 
A 46.6 18 (?) ± 5 - 3 + 2 30.0 
00 
+ .06 
B 74 130 i 5 70 t 5 43.2 8.38 + .15 
C 83.3 155 + 5 172 t 8 34.5 7.14 + .4 
D 90 260 + 2 53.3 8.70 t .2 
Diluent Y; 
E 25 111 + 2 102 + 2 22.1 8.66 t .1 
F 50 182 + 2 186 t 3 36.7 
CO 
+ .2 
Q 60 197 ± 2 217 ± 1 43.0 8.63 + .1 
H 66.7 229 t 2 48.6 8.84 + .2 
I 75 252 t 1 50.0 8.65 ± .1 
J 83.3 266 ± 1 54.4 8.72 ± .1 
K 90 280 ± 1 58.6 8.84 ± .15 
Pure Gd^ 3oe^ rf 7.93 
%)ata taken from Trombe (41). 
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Table 4. Ferromagnetic results 
Of Sat. mom. ^ oa. 0 (cKS. units) m^ 
Alloy K) Sample Gd in sample (ti units) 
D 258 234 + 1 257 7.22 + .03 
G 9 5 + 2  201.3 ± 1 277.4 7.79 ± .03 
H 211 t 1 211.6 f 1 271.6 7.63 + .03 
I 241 + 1 228.6 + 1 271.8 7.63 + .03 
J 262 + 1 241.3 ± 1 268.7 7.55 + .03 
K 281 + 1 250.2 + 1 266.0 7.47 + .03 
Pure 
Q^a 289 ± 2 253.6 + .6 253.6 7.12 t -02 
^Data taken from Elliott, Lsgvold and Spedding (42). 
Figure 30 shows the effective moments per Gd atom in the 
sample plotted in Bohr magnetons against the per cent of Gd, 
as obtained from the paramagnetic data for all the alloys. 
Figure 31 shows similarly the atomic moments as obtained from 
the ferromagnetic data of those alloys which showed ferro-
magnetism. 
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Figure 28. Significant temperatures, Gd-La alloys 
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VII. DISCUSSION 
A. Relation of Results to Theory 
It is seen that, except for the low result of the generally 
troublesome alloy C, the paramagnetic data give values for 
(Figure 30) consistently higher than the theoretical one 
for pure Gadoliniiun (7.94 Bohr magnetons per atom). Hie re­
sults obtained from ferromagnetic data (Figure 31) are simi­
larly higher than the theoretical value of (7.00 per 
atom), though there does appear to be a closer agreement in the 
case of pure gadolinium. It is not certain whether this indi­
cates that some contribution to the magnetization is made by 
orbital moments as well as spins, or by spins of electrons from 
the conduction bands. A conceivable explanation is that the 
introduction of atoms of the diluent, having a slightly differ­
ent conduction-band energy distribution, alters the probability 
of the transfer of electrons into or out of the Gd magnetic 
shell in such a way as to favor an increased effective moment. 
The results found for the Gd-La alloys clearly indicate 
the effects of the change of structure going from the lanthanum 
to the gadolinium hexagonal lattice. However, the number of 
alloys tested are not sufficient to provide information about 
any definite metallic compounds that may be formed in the 
7^  
course of the transition between the two structures as the per 
cent of gadolinium is increased. 
In the case of the Qd-Y alloys, the apparently continuous 
rise of 6 with increasing gadolinium content, as well as the 
P 
roughly consistent values found for and may indicate 
that the two metals are miscible in all proportions without 
change of structure in such a way as to give little or no mean­
ing to the question of specific metallic compounds in the alloy. 
There appears to be a rough agreement between the two 
Curie points in the composition range of the ferromagnetic 
Gd-y alloys, and between the paramagnetic Curie temperatures 
and the Neel points in the range of the alloys which are not 
ferromagnetic - with two significant departures. These are for 
pure gadolinium and for the neighborhood of the composition of 
alloy G, which is the only one showing all three of the types 
of magnetic behavior we have discussed, and where the Neel 
point and the antiferromagnetic region intervene between the 
two Curie points. In this composition range too, the anti-
ferromagnetism is made evident magnetically only for very weak 
fields; and the ferromagnetic Curie point, compared with those 
of alloys richer in gadolinium, falls steeply towards absolute 
zero. It would appear that the effect of antiferromagnetic 
coupling is progressively weakened relative to ferromagnetic 
coupling as gadolinium atoms are added to the lattice, and 
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practically disappears when they exceed about 60 per cent 
concentration. 
So far only two alloys of the metals dealt with in this 
investigation have been examined for the variation of a physi­
cal property other than magnetism with temperature. Alloy A 
(Gd-I<a 46.6:53.^) and one of composition of Gd-Y 515^9^ or 
nearly that of alloy F, were studied for the variation of speci­
fic heat as a function of temperature (43). 
As might be expected, alloy A showed a smooth Debye ciirve 
with no anomalies in the experimental range, which did not go 
below 20° K. The specific heat v£. temperature curve of the 
Gd-Y alloy showed a sharp peak at 170" This presmably 
corresponds to the antiferromagnetic-ferromagnetic transition 
indicated by the Neel point of alloy F at 182°, though the 
difference between the two results is too large to be dismissed 
as an experimental error, and has not hitherto been explained. 
B. Errors 
In considering the precision of the observations of an 
experimental study of this nature two points should be kept in 
mind. First, the aim of this study of magnetic properties is 
fundamentally an exploration of certain physical phenomena 
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rather than the determination of one or more physical constants 
with precision. Consequently the observations lend themselves 
to "estimated" rather than definitely computed probable errors. 
Considerably extended observations would be needed if all the 
random errors were to be statistically determined or even 
clearly separated from systematic errors. Second, a distinction 
must be drawn between the imcertainties arising from the 
measurements used to determine a quantity {here (T for the most 
part) and the uncertainties in the constancy of the quantity 
itself. Sometimes the latter may overshadow the former. 
Prom the processing formula <f « seen at once 
that the error in the n®asurement of (T is given by 
As m is measured to not less than 4 figures, we may esti­
mate its error as probably not more than 0.1 per cent. The 
1 3 H 
calibration of P » --g ^'oiind repeatable within 0.3 
per cent, and we may assume this to be the order of its error 
except where the field is lower than 4000 Oe. At fields below 
1000 Oe the calibration is even less certain. Weighings by 
the balance could be made to 0.2 mg., and since the magnetic 
forces F were all over 0.1 gm., and most of them over .5 gm., 
the instrumental error in weights would be quite small. How­
ever, the effects of gas flow and friction (the latter mini­
mized by the wiggler) must be taken as increasing the weighing 
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errors to amounts which varied with the conditions. In general 
the uncertainty in grams increased as larger forces were ob­
served, and the uncertainty with the hydrogen gas stream was, 
for some reason, usually found to be considerably greater than 
with the nitrogen gas stream. Allowing wide limits, we may 
estimate the weighing errors as varying from .01 per cent to 
.2 per cent. 
With these estimates we obtain a rough idea of the error 
of the measurements: 
100 ^ ^  ^ J (.1)^ + (.3)^ + (.2)^ 
(T * 
or a little less than 0.4 per cent. The errors inherent in the 
value of itself were, however sometimes more serious. The 
experiments showed that (T was dependent not only on the field 
H and the temperature T, but also, to a degree that differed 
with the sample and the temperature range, on the history of 
its treatment. We may thus write for the inherent errors the 
standard deviation: 
where X is a function of somewhat uncertain nature representing 
the history of the sample. 
—• represents the slope of the isotherm curve. Where 
d H 
this is large, as is the case with the ferromagnetics in the 
low field region below 2 k-Oe, we must expect large errors. 
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This, in fact, only emphasizes the quantitative uncertainty of 
the magnetization curves which has already been noted in this 
region. Where there is an approach to saturation, on the other 
hand, the slope is very gentle, and the effect of un­
certainty in H becomes negligible. 
— i s  t h e  s l o p e  o f  t h e  " i s o f i e l d ' '  c u a r v e .  A g a i n ,  t h i s  
brings in large iincertainties into the values of (T only where 
(T is changing rapidly with temperature - that is, in a 
temperature range neighboring the ferromagnetic Curie point or 
a prominent wlel point peak. For temperature ranges where _4.5L-
d T 
is of the same order as ^  , the error arising from unoer-
talnty of the temperature should be not more than 0.5 per cent, 
since the temperatures are probably known to 0.5°. Where the 
slope is less, the error due to uncertainty of temperature 
should of course be smaller still. 
— a n d  A X  a r e  q u a n t i t i e s  t h a t  c a n n o t  b e  w e l l  d e f i n e d  
0 X 
unless more is known about the nature of the factor X represent­
ing the effects arising from the recent n^chanical, thermal 
and magnetic treatment of the sample. 
As has been indicated already, the worst example of these 
effects was observed with alloy C, Gd-La 83.3:16.7 per cent. 
The inconsistent results were found most pronounced in the 
temperature range from 75® to I50', below and including the 
Neel point. Between the first and later sets of isotherm runs 
differences as high as 20 per cent were observed in the values 
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of (T for the same fields and temperatures. After several 
trials it was thought that segregated anisotropic regions in 
the sample might be responsible, and it was hoped that alter­
nate up-and-down reversals of the large sample of this alloy 
might reveal the anisotropy sought. IJhe actual test showed 
an unexpected result. There may have been some anisotropy but 
the test did not clearly reveal it. Instead, the values of cr 
for each field showed a nearly regular decrease from one trial 
to the next, following a curve similar to one for exponential 
decay. Of course no observations of time had been taken, and 
no conclusions are draxm other than the fact that that alloy 
had not undergone treatment adequate to give consistent values 
of (T 
The purpose of the paramagnetic obsesr^ations was to deter­
mine values of % = . Here, difficulties with inherent 
variations in cr did not arise significantly,^ and we may 
assume that, as with the approaches to saturation, the larger 
^Mme. Qaume-Mahn (34, p. 57I and 572) points out that pro­
longed annealing was necessary for Gd-I% alloys if consistent 
results were to be expected. She annealed her samples for 
several days. 
^Alloy E is a possible exception. The slightly higher 
values shown by the squared points represent a later set, taken 
without warming between isotherms, after it was known that no 
lai^e moments were to be expected. Probably the differences 
were due to a remnant ordering effect persisting from one 
isotherm to the next. 
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\mcertalntles are those of measurement. We have 
« J ( „)2 ^ ( AH )r"^ 
X  M r '  H 
We have estimated ^ ^  as about 0.4 per cent. The measure-
(T 
ment of H is unfortunately not dependable and may be incorrect 
by as much as 2 per cent. 
Upon the plotted values of -jp depend the estimates of 
and the experimental which have been determined graphi­
cally. Their uncertainties, which have been given with the 
results, have been estimated from the apparent consistency of 
the data. 
C. Suggestions for Improvements 
Pour directions for improvements are open to consideration 
according to the aims in view: (1) graater precision of measure-
ment, (2) better inherent constancy of the magnetic properties 
measured under given conditions, (3) extension of the range of 
temperatures and (4) more rapid collection of data. 
1. Under the first head it may be said at once that the 
most needed improvements are not in the measurement of the 
forces or the temperature. Though it would certainly be 
desirable to determine the reason for zero-weight drifts and 
minimize them, the per cent errors to which they give rise 
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have usually not toeen serious. The greater uncertainties have 
"been in the measuren^nt of the field and, at low field values, 
the field gradient. It would be highly desirable to have 
available a method of meastiring the field and the gradient 
which Induced the measurements to a potentiometer null-point 
balance, preferably independent of the magnetic properties of 
any substance. Such a TOthod is currently under study and 
development. 
2- Though most samples do not behave as un2?eliably as 
did alloy C in this research, the effects of prolonged anneal­
ing^ after cold working on such an alloy as this might be worth 
exploring to the end of ascertaining the requirements for 
obtaining Isotropic sraples and consistent data for such alloys 
generally. 
3. At present isotherms below 30® K are practically re­
stricted to the low liquid bath temperatures at 4.2® and 20.4®. 
A more continuous coverage of the range from 30® down is 
needed. A cryogenic system designed by Rhodes to this end 
is at present under construction. 
4. Any more effective method of warming a sample between 
isotherm runs, quickly bringing it to the next temperature and 
stabilizing it at that temperature would facilitate observa­
tions . So far the easiest method of warming has been to raise 
^See footnote on p. 79. 
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the sample to a warmer region in the cryogenic system. However 
the degree of warming can in this case be only estimated, and 
stabilization has been done by manual adjustment of heater 
voltages. 
It has been suggested that data might be taken automati­
cally. Presumably not impossible, this will call for consider­
able exploration and planning. 
83 
VIII. SUMMARY 
Successful methods of temperature control and centering, 
for a sample whose magnetic moment is to be measured by weigh­
ing it in an inhomogeneous field, have been described. 
Four alloys of gadolinium with lanthanum, and seven others 
of gadolinium with yttrium, have been examined for their 
magnetic properties. Paramagnetic Curie temperatures and Curie 
constants have been determined for all the alloys and ferro­
magnetic Curie points and saturation moments for the six alloys 
which showed ferromagnetism. Thence the effective atomic 
moments and the saturation atomic moments, per gadolinium atom, 
have been computed. Neel points have been detennined for those 
alloys which showed antiferromagnetism. 
The four Qd-La alloys show the following results! 
1. An alloy of 4? per cent concentration of Gd by atoms 
is paramagnetic down to 20° K. It has the lattice structure 
of lanthanum. 
2. An alloy having 90 per cent of Gd atoms is ferro­
magnetic below 258®. It has the structure of gadolinium. 
3. Intermediate alloys with 75 and 83 per cent of Gd 
atoms show antiferromagnetic regions below their poorly defined 
Neel points, respectively at about I30® and 155°. Their 
lattice structure is not clearly defined. 
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The seven Gd-Y alloys show the following results: 
1. All have the gadolinium structure with nearly the same 
lattice constants. 
2. At low temperatures alloys with 25 to 60 per cent of 
Gd atoms show antiferromagnetism and alloys with 60 to 100 per 
cent of Gd atoms show ferromagnetism. 
3. The paramagnetic Curie temperatures indicate a regu­
lar, though not quite linear, dependence on gadolinium content. 
The plot of against the content of gadolinium atoms follows 
a convex curve from an estimated 0® K for pure Y to 302.7® 
for pure Gd. 
4. A near approach to the same line is made by the Neel 
points of alloys having less than 50 per cent of Gd atoms, and 
by the ferromagnetic Curie points of alloys having more than 
75 per cent of Gd atoms. In the neighborhood of the composi­
tion of 60 per cent of Gd atoms, however, the Neel point and 
fall far below the line - particularly the latter. For 
this composition the antiferromagnetlc peak appears only for 
very weak fields, and its temperature is substantially lowered 
from its zero-fieId value (197®) as the field is increased. 
In general, the effective atomic magnetic moments per 
gadolinium atom as calculated from the paramagnetic data, and 
the corresponding saturation atomic moments as calculated from 
the ferromagnetic data, are soTOwhat higher than the theoreti­
cal values for pure gadolinium. The results indicate a 
85 
contribution to the magnetic moment from some source not yet 
clearly understood. 
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XI. APPENDIX 
In the following pages are recorded the data for the basic 
isotherms of this investigation. The measured values of the 
effective fields H and corresponding magnetic moments are 
listed for each alloy under the temperatures concerned. 
The sheets showing the original calculations and the 
graphical work by which the paramagnetic and ferromagnetic 
Curie points and the effective and saturation moments were 
determined are all on file at the Low Temperature Laboratory, 
Iowa State College. Also on file at the same laboratory are 
the calibration and correction data and curves which have been 
used in this research. 
Tracings for the final diagrams aind graphs are filed at 
the Technical Library, Institute for Atomic Research, Iowa 
State College, Ames, Iowa. 
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A. Gadolinium-lanthanum Alloys 
H {T H (J- H cr 
Alloy A. Gd-La 
4.2 0 g. 20.4*' 3?" 
3.07 2.31 3.10 2.88 3.06 2.21 
6.06 4.67 6.11 5.30 8.06 5.58 
9.12 7.27 9.20 7.65 14.19 9.25 
12.14 9.03 12.22 9.77 18.29 11.63 
15.22 12.44 15.28 11.85 
18.28 14.74 18.33 13.80 
61' 100° 130 0 
^^.01 1.82 3.08 .925 3.08 .71^ 
8.10 3.66 8.11 2.38 8.12 1.85 
12.16 5.40 12.18 3.51 14.24 3.19 
16.27 7.15 17.33 4.98 18.38 4.12 
160 0 190® 225 
3.08 .593 3.08 .495 3.09 .42S 
9.16 1.70 9.16 1.43 9.17 1.22 
14.26 2.60 14.26 2.20 14.27 1.86 
18.39 3.34 18.40 2.84 18.40 2,40 
250 0 297.2® 
3.09 .383 4.05 .41 
9.17 1.09 10.17 1.02 
14.27 1.67 14.25 1.40 
18.40 2.16 17.34 1.71 
Alloy B 
4.2 0 ^ 20.4° 30* 
3.09 6.12 2.04 3.78 1.11 2.19 
6.10 9.99 4.08 5.96 2.11 3.36 
9.19 13.35 6.08 8.04 3.09 4.49 
12.22 16.57 9.13 10.93 4.07 5.41 
15.32 19.63 12.09 13.55 6.03 7.20 
18.42 22.56 15.13 16.17 9.10 9.78 
18.22 18.78 12.11 12.16 
15.18 14.50 
93 
H <r H (T H (T 
Alloy B (cont'd.) 
^0^1 
1.11 2.33 1.11 2.22 1.11 2.16 
2.10 3.24 2.10 3.01 2.10 2.95 
3.08 4.03 3.09 3-76 3.09 3.63 
4.07 ^.76 4.07 4.42 4.08 4.31 
6.02 6.23 6.04 5.75 6.04 5.52 
9-09 8.37 9.10 7.64 9.12 7.30 
12.11 10.32 12.12 9.39 12.13 8.94 
15.17 12.27 15.20 11.14 15.21 10.58 
100® 110® 120° 
1.11 2.24 1.11 2.32 2.10 3.09 
2.11 2.92 2.11 2.97 4.08 4.21 
3.10 3.55 3.10 3.59 6.03 5-30 
4.09 4.16 4.09 4.17 12.12 8.33 
6.05 5.35 6.05 5.30 
9.13 7.05 9.13 6.98 
12.15 8.60 12.14 8.46 
15.23 10.14 15.22 9.94 
125*^ 130° 140" 
1.11 2.58 1.11 2.64 1.11 2.49 
2.10 3.11 2.11 3.10 2.11 2.96 
3.09 3.67 3.08 3.66 3.11 3.46 
4.08 4.20 4.09 4.14 4.09 3.94 
6.03 5.26 6.05 5.18 6.07 4.95 
9.11 6.81 9.14 6.69 9.15 6.40 
12.14 8.23 12.16 8.06 12.17 7.72 
15.22 9.64 15.24 9.44 15.25 9.04 
17.30 9.91 
160" ISO*' 200^ 
1.13 1.71 2.13 1.28 2.13 .80 
2.12 2.27 3.13 1.75 4.11 1.50 
3.12 2.75 4.11 2.19 6.07 2.22 
^.10 3.19 6.08 3.05 9.15 3.28 
6.07 4.10 9.17 4.28 12.20 4.26 
9.15 5.^0 12.19 5.41 15.27 5.25 
12.18 6.58 15.28 6.51 
15.26 7.75 
94 
H <r H (T H (T 
220® 
6.13 1.81 
10.11 2.99 
14.28 4.13 
18.38 5.29 
280° 
6.14 1.27 
10.13 2.10 
14.29 2.90 
18.40 3.7^ 
340° 
6.15 1.00 
10.14 1.65 
14.30 2.28 
18.41 2.95 
4.2° K 
2.05 13.^1 
4.09 18.06 
6.14 21.94 
9.18 26.90 
12.19 31.1^ 
15.28 35.21 
18.44 39.15 
Alloy B (cont'd.) 
240° 
6.14 1.57 
10.12 2.58 
14.28 3.58 
18.39 4.61 
297.2° 
4.10 .78 
10.16 1.93 
14.23 2.67 
17.32 3.25 
Alloy 0 
20.4° 
6.02 20.47 
9.06 25.46 
12.02 29.29 
13.91 31.87 
15.27 33.67 
18.39 37.69 
260° 
6.14 1.40 
10.12 2.31 
14.29 3.19 
18.41 4.13 
310 0 
6.15 1.12 
10.14 1.84 
14.29 2.55 
18.41 3.30 
35' 
0.99 10.36 
1.90 12.97 
2.92 15.21 
3.89 16.96 
5.90 20.11 
8.86 24.04 
11.83 27.49 
14.90 30.9^ 
95 
H cr H (T H <r 
Alloy (cont'd.) 
^0 70 0 90"" 
1.00 10.03 0.99 9.80 0.99 9.55 
1.91 12.55 1.91 12.07 1.92 11.83 
2.93 14.66 2.94 14.07 2.93 13.70 
3.90 16.32 3.92 15.60 3.92 15.09 
5.91 19.21 5.92 18.28 5.93 17.63 
8.88 22.64 8.90 21.29 8.90 20.51 
11.86 25.52 11.88 23.86 11.88 22.90 
14.94 28.19 14.96 26.22 14.87 25.09 
17.01 29.91 17.03 27.73 18.06 27.17 
105 0 125'' 140 0 
1.00 8.94 1.01 8.72 0.99 9.03 
1.94 11.12 1.93 10.52 1.93 10.93 
2.95 12.93 2,96 12.19 2.96 12.56 
3.93 14.3 3.95 13.42 3.94 13.7 
5.95 16.73 5.97 15.63 5.96 5.93 
8.93 19.33 8.94 18.19 8.94 18.36 
11.92 21.69 11.94 20.28 11.94 20.37 
15.00 23.78 15.02 22.24 15.02 22.22 
18.10 25.75 18.12 24.10 18.12 23.98 
1^ 160® 17^ G 
1.00 9.42 1.00 9.01 1.01 8.42 
2.96 12.38 1.95 10.32 1.95 9.59 
5.97 15.44 2.98 11.54 2.98 10.70 
8.95 17.76 3.97 12.50 3.97 11.58 
11.94 19.69 5.99 14.30 6.00 13.24 
15.01 21.46 8.98 16.43 8.98 15.25 
17.10 22.59 11.97 18.25 11.98 6.95 
15.05 19.92 15.07 18.49 
18.15 21.52 18.17 19.96 
96 
H <r H <r H 0" 
Alloy C ( [cont'd.) 
190" 210° 230" 
1.03 6.79 1.04 5.86 2.02 4.08 
1.96 8.22 1.98 6.72 4.06 5.45 
3.00 9.26 4.01 8.26 6.08 6.65 
3.99 10.15 6.05 9.58 9.08 8.22 
6.02 11.72 9.03 11.20 12.08 9.60 
9.00 13.56 12.04 12.41 15.17 10.91 
12.00 15.08 15.13 13.92 18.27 12.17 
15.10 16.47 18.23 15.19 
18.21 17.82 
Alloy D 
4.2° K 20.4° 44° 
2.7^ 230.7 .75 218.7 .24 182.3 
231.0 3.86 226.9 .78 210.0 
8.85 232.5 5.73 232.7 1.72 219.2 
11.89 233.4 7.34 230.7 3.76 223.2 
14.85 233.8 10.31 231.5 5.82 225.1 
18.08 233.8 12.87 231.4 10.35 226.3 
14.84 231.8 14.88 227.2 
16.39 232.0 17.42 227.8 
17.90 232.0 17.91 227.5 
69.9" 100° 140° 
.25 177.3 .29 152.5 .33 126.6 
.79 202.8 .82 186.8 .86 164.1 
1.74 211.1 1.75 199.1 1.78 178.8 
3.77 215.8 3.79 204.8 3.82 185.3 
5.83 217.9 5.84 206.6 5.86 187.1 
10.36 219.2 10.37 207.8 10.38 188.5 
14.87 220.1 14.89 208.6 14.90 189.6 
17.42 220.5 17.43 209.1 17.44 190.1 
17.91 220.6 17.94 209.0 17.94 190.1 
97 
H <r H cr H <r 
Alloy D (cont'd.) 
180.2® 200° 230® 
.37 100.5 .39 91.0 .31 77.3 
.89 137.0 .91 126.0 .95 98.7 
1.82 154.3 1.84 141.5 1.90 103.7 
3.85 160.4 3.87 146.8 3.93 107.4 
5.88 161.5 5.90 149.0 5.9^ 108.8 
10.40 163.2 8.89 150.4 10.41 112.3 
14.92 164.8 11.92 151.6 14.93 116.0 
17.46 165.7 15.05 152.3 17.48 118.1 
17.95 165.7 18.16 153.5 17.98 118.0 
250® 260® 270® 
.42 36.8 2.02 24.0 2.04 10.5 
2.65 54.2 4.04 36.6 4.07 19.1 
5.93 66.7 5.95 41.6 5.96 23.8 
8.92 74.0 8.94 51.5 8.95 32.9 
12.07 79.6 12.08 59.0 12.10 40.6 
13.94 82.7 15.17 68.4 15.21 50.6 
16.02 85.7 17.24 71.7 17.27 54.3 
17.05 87.2 
17.74 88.2 
280° 290® 299.7® 
3.10 8.99 5.97 10.56 4.02 5.46 
5.96 14.97 8.96 15.52 6.05 8.35 
8.96 21.72 12.11 20.43 7.48 10.23 
9.86 23.93 9.98 13.58 
12.11 27.56 12.09 16.14 
13.93 31.91 14.09 18.60 
16.28 39.30 16.12 21.14 
17.84 23.84 
320" 340® 
6.09 5.52 6.10 4.15 
10.02 9.13 10.07 6.83 
14.16 12.61 14.21 8.91 
17.24 15.31 18.05 12.10 
98 
B. Gadolinium-yttrium Alloys 
H (T H (T H cr 
Alloy E 
4.2' K 20.4' Q 35' 
2.06 1.16 2.06 1.31 2.06 1.19 
4.09 2.34 4.09 2.34 4.09 2.30 
6.21 3.50 6.12 3.40 6.14 3.38 
9.14 5.02 9.11 4.92 9.13 4.94 
12.16 6.58 12.12 6.46 12.13 6.50 
15.25 8.24 15.22 8.12 15.23 8.14 
60° 
0 0 
2.06 1.28 2.05 1.25 2.06 1.26 
4.10 2.30 4.08 2.27 4.10 2.26 
6.14 3.28 6.11 3.32 6.14 3.33 
9.13 4.88 9.10 4.83 9.21 4.89 
12.13 6.40 12.10 6.35 12.13 6.39 
^0" 100® 110° 
2.06 1.36 2.05 1.41 2.05 1.53 
4.10 2.42 4.08 2.52 4.08 2.73 
6.14 3.56 6.11 3.69 6.10 4.00 
9.12 5.18 9.10 5.39 9.09 5.79 
12.13 6.80 12.10 7.12 12.09 7.55 
120®(1) 120®(2) 140® 
2.14 1.40 2.05 1.53 2 .06 1.11 
4.12 2.42 4.08 2.73 4.09 1.96 
6.10 3.45 6.10 4.00 6.13 2.82 
9.17 5.05 9.09 5.79 9.13 4.06 
12.13 6.51 12.09 7.55 12.13 5.28 
15.28 8.06 15,24 6.52 
99 
H (T H <r H <r 
Alloy E (cont'd.) 
160° 180*' 200® 
3.1^ IK . li 2.06 .72 3.14 .80 
6.11 2.05 4.10 1.26 6.12 1.42 
9.20 2.99 6.15 1.82 9.21 2.06 
12.23 3.89 9.15 2.62 12.24 2.68 
15«31 4.81 12.16 3.38 14.86 3.27 
15.26 4.16 
225® 250® 275® 
2.07 .43 3.15 .49 2.07 .27 
4.10 .78 6.12 .93 4.12 .54 
6.16 1.16 9.22 1.38 6.16 .81 
9.15 1.70 12.25 1.82 9.17 1.21 
12.17 2.23 15.34 2.27 12.18 1.59 
15.27 2.78 15.28 1.99 
301® 
2.15 .26 
4.15 .47 
6.12 .69 
8.18 .92 
10,23 1.14 
12.26 1.36 
14.31 1.58 
Alloy F 
4.2® K 20.4® 32.1* 
3.08 16.64 4.01 21.27 3.98 19.98 
6.07 32.02 7.46 41.76 7.44 38.82 
9.13 55.70 10.42 74.75 10.43 72.15 
12.12 97.24 12.93 106.4 12.95 103.7 
15.19 120.04 14.90 119.3 14.93 116.3 
18.21 131.48 16.77 126.3 16.92 125.4 
17.44 128.9 17.50 127.4 
17.93 131.3 17.87 128.9 
100 
H <r H <T H (T 
Alloy P (cont'd.) 
42 .3" 50. 70.6* 
3.99 
7.48 
10.44 
12.97 
14.93 
16.80 
17.74 
17.88 
19.8 
38.6 
69.2 
100.5 
114.1 
122.5 
125.5 
126.3 
4.00 
7.49 
10.44 
12.98 
14.94 
16.73 
17.50 
17.92 
18.12 
36.55 
64.93 
96.44 
110.4 
118.5 
121.4 
122.8 
4.02 
7.49 
10.46 
12.98 
14.94 
16.74 
17.93 
16.86 
32.29 
55.08 
85.28 
100.2 
109.0 
113.5 
93 .4® 108.1® 124.1" 
4.02 
7.49 
10.46 
12.98 
14.94 
16.74 
17.93 
16.86 
32.29 
55.07 
85.28 
100.2 
109.0 
113.5 
4.02 
7.53 
10.50 
13.01 
14.85 
17.53 
13.34 
24.66 
38.78 
60.96 
76.04 
87.91 
4.04 
7.52 
10.50 
13.02 
15.00 
16.78 
17.54 
17.90 
12.05 
22.58 
34.89 
54.24 
68.95 
76.82 
79.79 
80.91 
138® 149" 160" 
10.08 
12.12 
14.06 
16.05 
30.92 
43.25 
58.25 
66.81 
4.04 
7.62 
10.50 
13.03 
15.00 
17.10 
17.55 
11.20 
21.55 
33.04 
50.06 
59.69 
67.57 
68.99 
10.07 
12.10 
14.06 
16.06 
37.21 
44.50 
51.62 
58.01 
167.8® 170" 180" 
^.03 
7.54 
12.12 
15.01 
17.56 
17.92 
12.84 
27.08 
42.75 
50.47 
5p'74 
56.18 
10.07 
12.12 
14.06 
16.06 
34.47 
39.46 
44.59 
49.16 
4.04 
7.54 
10.53 
13.04 
15.03 
16.81 
17.56 
18.05 
13.28 
22.56 
29.01 
32.50 
36.45 
39.51 
40.63 
41.43 
101 
H <r H (T H (T 
190" 
4.04 8.67 
7.54 15.35 
10.52 20.45 
13.05 24.46 
15.04 27.60 
16.82 30.36 
17.58 31.50 
18.06 32.13 
250® 
6.09 6.48 
10.08 10.02 
14.24 13.42 
18.23 17.20 
310.2® 
6.14 1.87 
10.16 3.04 
14.34 4.18 
18.36 5.35 
4.2° K 
3.86 190.3 
5.90 199.2 
8.94 199.6 
11.97 200.1 
15.06 200.3 
18.17 200.4 
Alloy F (cont'd.) 
200® 
4.20 7.15 
10.02 15.4 
14.17 20.40 
16.23 22.93 
280® 
6.13 2.51 
10.15 4.08 
14.32 5.58 
18.35 7.10 
340° 
6.14 1.50 
10.16 2.45 
14.34 3.39 
18.37 4.33 
Alloy G 
20.4° 
2.89 183.3 
5.91 196.5 
9.02 198.7 
12.06 199.5 
15.14 199.7 
18.23 199.3 
220® 
1.06 6.48 
.99 10.02 
.94 13.42 
.94 17.20 
ro
 
.4® 
4.02 1.42 
7.56 2.31 
10.54 3.57 
13.06 4.39 
15.04 5.08 
16.80 5.67 
17.97 6.08 
40 0 
0.90 150.5 
1.88 168 . 6  
2.86 180.4 
3.80 185.8 
5.83 190.5 
7.40 192.4 
9.86 195.4 
10.34 193.4 
12.88 193.8 
14.90 194.0 
17.45 194.3 
102 
H <r 
75' 
0.92 132.1 
1.89 156.8 
2.88 168.5 
3.81 174.6 
4.84 178.6 
5.87 181.7 
7.96 182.4 
8.94 183.8 
12.00 184.4 
15.10 184.7 
18.20 185.0 
110° 
1.07 62.60 
2.00 119.4 
2.97 141.9 
3.96 152.2 
5.92 162.5 
17.23 168.8 
150 
1.07 19.74 
2.05 37.48 
3.00 77.88 
3.91 105.5 
4.93 119.5 
7.98 135.1 
9.02 136.2 
12.06 138.8 
16.18 140.8 
H a-
Alloy G (cont'd.) 
90^ 
.95 106.9 
1.91 145.1 
2.89 159.2 
3.83 166.6 
4.86 171.1 
9.89 177.3 
16.14 178.5 
12^ 
1.05 31.93 
1.99 79.46 
2.93 119.6 
3.86 135.0 
4.89 144.6 
8.98 156.6 
16.15 159.^ 
160® 
1.07 18.0 
2.06 30.3 
3.01 59.4 
3.92 92.5 
4.98 107.8 
5.95 116.1 
9.02 125.8 
12.08 128.6 
15.17 130.7 
18.26 132.1 
H <r 
100.8® 
1.04 82.16 
1.98 133.3 
3.03 151.5 
135° 
2.95 106.5 
5.92 142.2 
9.00 149.6 
12.05 151.2 
15.14 152.7 
18.24 153.5 
170° 
1.07 15.99 
2.05 26.75 
3.02 51.00 
3.93 81.43 
4.94 95.97 
8.01 111.8 
9.03 113.1 
12.09 116.8 
16.20 120.1 
103 
H F H <r H (T 
Alloy G (cont'd.) 
175° 180° 185° 
1.12 15.44 1.12 15.59 1.12 15.98 
2.12 25.97 2.11 26.77 2.11 27.82 
3.07 50.90 3.02 52.82 3.07 56.00 
4.03 78.79 4.04 73.61 4.05 69.92 
5.99 97.84 5.99 89.58 6.01 81.54 
12.10 110.53 9.05 97.80 12.12 95.09 
18.30 116.14 12.08 102.46 18.31 102.4 
15.18 105.97 
18.29 108.96 
190® 195° 200° 
1.09 19.32 1.11 19.88 1.11 18.92 
2.07 37.14 2.11 30.88 2.11 26.84 
3.05 49.78 3.10 39.26 3.06 31.5^ 
4.01 57.22 4.08 45.87 4.09 38.32 
9.00 78.16 6.10 56.75 8.07 53.97 
16.23 90.90 8.35 84.91 12.13 64.87 
16.25 72.90 
210® 220° 240° 
1.08 8.83 3.08 11.09 4.06 7.6 
2.08 13.16 6.07 19.27 7.52 12.7 
4.01 21,05 9.14 26.72 10.49 16.5 
5.04 25.19 12.18 33.37 13.00 19.6 
8.09 35.79 15.28 39.45 15.02 22.2 
10.14 41.68 18.37 45.08 16.80 24.4 
12.17 46.63 18.06 25.8 
15.25 53.37 
18.35 59.21 
250° 270° 290° 
6.08 7.79 6.12 5.35 6.14 3.74 
10.06 12.24 10.12 8.57 10.14 6.06 
14.21 16.50 14.27 11.55 14.30 8.35 
18.23 20.68 18.20 14.56 18.31 10.64 
104 
H <r H cr H (T 
Alloy 0 (cont'd.) 
294.7° 310° 330" 
4.04 2.22 6.15 2.97 6.15 2.42 
8.14 4.54 10.15 4.77 10.16 3.91 
12.23 6.69 14.32 6.61 14.33 5.41 
16.35 9.24 18.34 8.39 18.35 6.92 
340 0 
6.15 2.20 
10.16 3.57 
14.34 4.96 
18.36 6.35 
Alloy H 
4.2 " K 20.4° 340 
.32 153.6 .33 1^^3.7 1.88 187.1 
.88 174.1 .88 171.4 3.86 198.5 
1.81 188.2 1.80 187.1 6.13 204.1 
3.84 201.4 3.83 200.1 8.91 205.7 
5.88 206.3 5.87 205.5 11.94 206.7 
8.92 209.0 8.86 207.9 15.04 207.0 
11.95 209.8 11.88 208.6 17.12 207.3 
15.03 210.0 15.00 208.8 
18.15 210.4 18.11 209.2 
50 0 60" 75" 
1.88 185.4 1.89 183.0 1.89 180.2 
3.86 195.^ 3.86 193.4 3.87 188.8 
5.82 200.1 5.84 197.0 5.87 192.9 
8.91 202.5 8.92 199.5 8.92 195.2 
11.95 203.3 11.97 200.2 12.96 196.0 
15.05 203.6 15.06 200.7 15.06 196.3 
17.14 196.7 
105 
H <r H (T H <r 
Alloy H (cont'd.) 
100® 125® 150° 
1.90 170.9 .35 133.0 1.94 147.3 
3 '88 179.7 .90 148.9 3.92 151.3 
5.85 183.6 1.88 159.^ 5.89 154.3 
8.93 185.6 5.87 170.0 8.97 156.5 
11.98 186.6 8.95 172.1 11.99 157.4 
15.07 187.0 11.99 173.0 15.11 158.3 
17.15 187.0 15.09 173.7 17.18 159.0 
17.16 174.2 
170® 190' 210® 
AO 95.0 .47 44.7 .50 20.7 
.9^ 119.9 1.00 82.1 1.06 34.5 
1.97 131.8 1.96 99.9 2.03 51.8 
3.92 136.4 3.97 107.2 4.02 65.4 
5.92 139.9 5.95 113.6 6.01 75.8 
9.00 142.2 9.04 118.0 9.08 83.7 
12.04 U3.5 12.18 120.9 12.13 89.2 
15.14 144.6 15.17 123.0 15.21 93.4 
17.21 145.4 17.24 124.6 17.28 96.0 
225° 235" 245® 
2.11 20.33 2.12 10.70 2.13 9.06 
4.09 31.64 4.11 17.80 4.12 14.00 
6.05 41.00 6.08 24.64 6.08 18.86 
9.14 51.67 9.16 33.9^ 9.17 25.98 
12.17 59.58 12.19 41.59 12.21 31.% 
15.25 65.95 15.27 48.34 15.30 37.38 
17.32 69.76 17.35 52.44 17.36 40.80 
260® 2750 297.2° 
4.03 6.99 4.06 4.78 4.07 2.92 
10.00 15.70 10.05 11.10 10.09 7.19 
14.02 21.00 14.09 15.05 14.13 9.95 16.07 23.65 17.15 18.09 17.19 12.09 
106 
H or H (T 
Alloy H (cont'd.) 
310° 320' 
4.08 2.62 4.08 2.20 
10.11 6.41 10.12 5.40 
14.16 8.85 14.17 7.51 
17.25 10.76 17.24 9.18 
Alloy I 
4. 2® K 20.4® 
2.77 220.9 3.82 223.0 
5.79 225.6 7.78 223.2 
8.99 226.8 10.38 226.0 
11.95 226.5 12.97 226.2 
15.01 227.4 17.37 226.4 
18.11 227.0 
70 0 105® 
.27 178.0 .29 168.9 
.85 190.5 .86 179.6 
1.78 203.7 1.79 191.4 
3.83 211.6 3.84 199.0 
7.36 214.3 8.87 202.8 
10.37 215.2 12.97 202.8 
12.95 215.3 18.20 203.1 
18.18 215.7 
160 0 180® 
.91 158.1 .93 148.4 
1,91 165.6 1.92 152.7 
2.90 167.6 2.92 153.6 
3.90 168.7 3.92 155.1 
8.89 170.2 5.89 156.8 
12.01 173.3 12.03 159.2 
18.20 174.4 18.22 161.0 
H 
gQ® 
.26 185.1 
.84 197.7 
1.77 210.0 
3.82 217.2 
7.35 220.1 
10.40 219.6 
15.02 220.7 
18.17 220.7 
140® 
.90 
1.90 
2.85 
3.88 
4.87 
11.99 
18.18 
166.0 
176.9 
178.9 
180.7 
182.1 
185.2 
186.0 
200' 
.95 
1.95 
2.95 
3.94 
5.92 
12.06 
18.24 
133.4 
134.4 
134.9 
135.7 
137.8 
141.5 
144.1 
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H (T H <r H <r 
210° 
3.95 124.3 
5.92 126.2 
12.05 130.6 
18.25 133.7 
240® 
1.09 35.8 
2.08 44.4 
3.07 51.2 
4,05 55.7 
6.01 64.2 
12.12 79.8 
18.31 89.1 
300" 
4.13 4.52 
7.67 8.20 
10.67 11.23 
15.31 15.93 
18.47 19.11 
Alloy I (cont'd,) 
220® 
2.92 110.0 
3.96 110.7 
5.96 113.6 
12.05 120.0 
18.25 123.8 
260® 
1.13 6.90 
2.12 10.47 
3.12 13.81 
4.11 17.06 
6.08 23.76 
12.18 40.78 
18.38 53.66 
320" 
6.12 4.59 
10.11 7.56 
14.27 10.41 
18.27 13.29 
230 
1.03 78.5 
2.02 81.9 
3.02 85.5 
4.00 88.2 
5.98 93.1 
12.09 102.7 
18.29 108.8 
280® 
6.04 11.11 
9.99 17.57 
14.10 23.92 
340" 
6.13 3.56 
10.13 5.85 
14.29 8.05 
18.31 10.29 
4.2® K 
2.74 
5.76 
8.86 
11.90 
14.99 
18.09 
236.1 
237.8 
238.6 
239.2 
239.6 
239.2 
Alloy J 
20.4® 
3.79 
7.31 
10.31 
12.90 
14.98 
18.11 
236.6 
237.5 
238.3 
238.5 
238.6 
238.2 
40' 
7.30 
11.87 
14.97 
18.10 
233.8 
234.5 
234.6 
235.0 
108 
H H H 
65" 
3.79 
7.57 
11.87 
15.00 
18.12 
225.1 
227.3 
229.3 
228.8 
228.8 
150 
.87 177.5 
1.86 184.9 
2.85 186.9 
3.85 188.1 
5.81 190.7 
7.37 192.1 
10.37 193.6 
11.93 193.1 
15.04 194.1 
18.15 194.1 
220" 
3.91 
5.88 
12.01 
18.22 
141.2 
142.3 
145.4 
147.2 
Alloy J (cont'd.) 
35. 125' 
3.81 219.1 .29 159.7 
7.3^ 221.3 .82 191.7 
11.92 222.1 1.84 198.8 
16.02 222.4 2.83 200.7 
18.15 222.6 3.82 201.8 
5.78 204.1 
T.34 205.2 
10.34 205.7 
11.91 205.9 
15.02 206.2 
18.13 206.4 
175® 200" 
.90 162.7 .32 141.7 
1.89 168.8 .91 150.9 
2.87 171.5 1.90 153.8 
3.87 173.5 2.90 155.4 
5-83 176.2 3.89 156.7 
7.39 178.2 5.86 158.9 
10.39 179.0 11.99 161.9 
11.95 180.0 18.19 163.7 
15.06 180.1 
18.16 180.2 
240 250® 
1.98 103.7 .4 73.0 
2.97 106.6 .99 77.7 
3.97 109.0 1.93 81.8 
5.93 112.8 2.98 86.7 
12.05 119.5 4.00 89.4 
18.30 124.1 5.96 94.0 
10.05 100.8 
12.07 103.2 
15.17 106.7 
18.26 109.7 
109 
H (T H (T H (T 
260" 
.51 15.0 
1.07 25.4 
1.99 37.2 
3.04 46.1 
4.05 53-8 
6.01 62.7 
10.10 75.1 
12.11 79.3 
15.20 84.8 
18.30 89.4 
310° 
6.08 7.64 
10.00 12.67 
14.12 17.44 
16.16 19.89 
340° 
6.11 4.51 
10.11 7.53 
14.26 10.48 
18.26 13.41 
Alloy J (cont'd.) 
280° 
1.13 5.68 
2.13 9.30 
3.12 12.82 
4.11 16.19 
6.07 23.09 
12.17 40.95 
18.36 54.67 
320° 
6.10 5.87 
10.17 10.49 
14.21 14.49 
18.20 18.50 
300° 
2.13 3.95 
4.03 5-88 
6.08 10.32 
9.17 15.18 
12.20 19.83 
15.29 24.38 
18.39 28.89 
330° 
10.09 8.78 
14.24 12.15 
18.24 15.53 
4.2° K 
3.00 243.2 
5.47 246.8 
8.84 248.4 
11.88 249.2 
14.96 249.5 
18.07 249.2 
Alloy K 
20.4° 
.63 213.3 
2.50 240.6 
3.77 243.6 
7.29 246.7 
10.32 247.2 
12.74 247.3 
14.94 247.4 
16.81 247.5 
18.08 247.5 
40° 
3.76 240.9 
7.27 244,2 
11.85 244.8 
14.95 244.8 
17.11 245.0 
18.08 244.9 
110 
H (T H <r H <r 
Alloy K (cont'd*) 
65" 85® 
3.78 234.7 3.80 228.6 
7.30 238.3 7.33 231.1 
11.88 238.0 10.33 231.0 
14.98 238.4 12.92 231.6 
17.14 238.8 15.01 231.7 
18.12 238.5 16.85 232.2 
18.12 232.0 
125® 150® 
.82 205.3 .84 192.1 
1.87 209.3 1.89 196.0 
3.80 211.7 2.83 198.1 
5.78 214.3 3.83 199.0 
7.3^ 215.9 5.80 202.0 
11.92 215.9 11.93 204.5 
15.01 216.6 18.12 205.2 
18.15 217.1 
200® 220® 
108' 
4.08 221.2 
7.32 222.7 
10.33 223.3 
13.24 223.7 
15.01 223.9 
18.13 224.0 
175® 
.86 183.3 
1.91 184.9 
2.85 186.6 
3.86 186.8 
5.83 189.7 
8.92 191.5 
11.95 192.0 
15.05 192.4 
18.15 192.9 
240® 
.88 169.1 1.91 15^.7 1.94 133.5 
1.89 170.2 2.90 155.7 2.93 135.2 
3.86 173.0 3.90 156.3 3.93 135.8 
7.41 175.^ 5.88 158.7 5.91 137.^ 
10.42 175.6 8.97 160.3 9.00 139.9 
11.98 176.8 12.01 161.5 12.03 141.5 
15.08 177.5 15.10 162.5 15.13 143.0 
18.20 178.2 18.20 163.4 18.25 144.0 
Ill 
H (T 
250° 
1.96 122.0 
2.95 122.4 
3.94 123.3 
5.92 125.5 
9.00 127.9 
12.04 130.0 
15.14 131.7 
290" 
1.13 7.48 
2.12 12.18 
4.10 21.38 
6.06 29.99 
9.15 40.90 
12.17 49.57 
15.27 54.02 
320" 
6.06 8.98 
10.08 14.76 
14.09 20.39 
16.12 23.23 
H <r 
Alloy K (cont'd.) 
1.96 89.0 
7.52 100.5 
12.09 106.4 
15.18 110.5 
18.30 113.7 
298" 
4.11 10.90 
7.67 20.18 
10.71 27.76 
13.29 33.98 
15.30 38.88 
17.12 43.15 
18.48 46.01 
330" 
6.08 7.28 
10.12 11.98 
14.14 16.52 
17.19 19.96 
H <r 
277 0 
1.10 
2.09 
3.06 
4.05 
6.02 
9.10 
12,13 
15.22 
17.29 
29.01 
40.96 
49.86 
56.37 
65.97 
75.72 
82.34 
87.59 
90.65 
310 a 
6.02 
10.02 
14.04 
11.90 
19.32 
36.26 
340 0 
6.09 6.00 
10.15 9.90 
14.18 13.34 
17.81 17.54 
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C. Symbols Used 
A Atomic weight. 
A«, k* Particular atomic weights (p. ^3)- , ^ 
Argument of the Langevin function (p. 14), and 
of the Brillouin function {p. 17). 
A, B (On p. 39 only) Parameters for rod corrections. 
Bj The Brillouin function (p. 17). 
C Ttie Curie constant for a gram. 
The Curie constant for a gram-atom. 
F Force in grams. 
g The lande factor (p. 15). 
H«, H The applied and effective magnetic fields. 
Ml (On p. 18 only) ®ie local field («H + NI). 
I Magnetic moment per unit volume under given 
conditions. 
lo Magnetic moment per unit volume under saturation 
conditions. 
J Quantum number (specified on p. I5). 
k Boltzraann*s constant •» gas const, per molecule. 
M Magnetic moment of a sample. 
Ferromagnetic moiwnt per atom. 
m Mass of a sample. 
N Demagnetizing factor (p. 39). 
NG Avogadro^s number. 
N (On pp. 16-18 only) The molecular field constant. 
P (Defined on p. 41.) 
R/r The ratio of certain radii in am atom (defined 
on p. 7). 
R (On pp. 43-44 only) Ratio of alloy constit\;^nts 
by atoms. 
T Temperature on the Kelvin (K) scale. 
Current potential (p. 37 and 41). 
¥ Weight, n»asured in grams. 
X (On pp. 77-78 only) A parameter. 
X, 2 Space coordinates (p. 23). 
The Bohr magneton » eh/4inac, where (on p. I5 
only) e and 53^ are th.e char^ge a^^d re s t mas s of 
the electron, h is Planck's constant and c 
^ the velocity of light. 
Vpf 6f The paramagnetic and ferromagnetic Curie points. 
n The mean magnetic moment per atom as experi-
^ mentally observed. 
M'k ® /^eff permanent or intrinsic magnetic moment per 
atom. 
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 ^ JUL (On p. 40 only) Apparent and true perr^abillty. 
p ^ The density of a sample. (Tw m Mag. moment per unit mass at any given H and f. 
^ * Mag. moment per unit mass at inf. field and (ToOfO qp 
X Magnetic susceptibility for a gram. 
Xa Magnetic susceptibility for a gram-atom. 
